Abdominal aortic aneurysms (AAAs) are a deadly pathology with strong sexual dimorphism. Similar to humans, female mice exhibit far lower incidences of angiotensin II-induced AAAs than males. In addition to sex hormones, the X and Y sex chromosomes, and their unique complements of genes, may contribute to sexually dimorphic AAA pathology. Here, we defined the effect of female (XX) versus male (XY) sex chromosome complement on angiotensin II-induced AAA formation and rupture in phenotypically female mice.
G enes on sex chromosomes have been implicated in inherited forms of cardiovascular diseases, 1, 2 but much less is known about the influence of sex chromosomes, and their interplay with sex hormones, on development of common complex cardiovascular diseases. Turner syndrome (monosomy X) is associated with significant risk of aortic dissection, 3 suggesting an important role for sex chromosomes in the regulation of aortic homeostasis. Abdominal aortic aneurysms (AAAs), an insidious vascular disorder without effective drug therapies, are another example of an aortic disease exhibiting genetic inheritance [4] [5] [6] [7] and pronounced sexual dimorphism. [8] [9] [10] [11] Understanding the combined influences of sex hormones and chromosomes on aortic vascular biology and disease may identify novel therapeutic targets that are beneficial for treatment of vascular diseases in one sex versus the other. Moreover, because chronic sex hormone therapy is on the rise in aging men and women, and in the transgender population, as well, it is important to increase the knowledge regarding sex hormone and chromosome effects on the vasculature.
We demonstrated previously that AAAs induced in mice by infusion of angiotensin II (AngII) exhibit pronounced sex differences. Similar to humans, 12 there is a 4-fold higher AAA prevalence in male than in female mice infused with AngII. Testosterone was demonstrated as a primary regulator of the formation and severity of AngII-induced AAAs in male mice. 12, 13 However, not all differences in AAA susceptibility and severity between male and female mice could be explained by chronic presence of testosterone. 14 Recent studies demonstrated that blood pressure responses to AngII in mice were influenced by sex chromosomes. 15 Herein, we embarked on an analysis of effects of an XX versus an XY sex chromosome complement on aortic gene expression profiles and on the development and severity of AngII-induced AAAs in phenotypically female mice. Gene expression profiles demonstrated enriched inflammatory genes in abdominal aortas from XY in comparison with XX females. When XY females were infused with AngII, AAA incidences doubled and aneurysms ruptured. Exposure of XY females to testosterone, to mimic the male sex hormone environment, led to striking levels of AAA rupture. Our results indicate a previously unrecognized role for sex chromosomes to influence aortic gene expression patterns and profoundly affect AAA severity.
METHODS Mice
Male mice with an XY-Sry genotype (8-12 weeks of age; 10 times backcrossed on C57BL/6J background, Stock#010905), were obtained from The Jackson Laboratories and bred to lowdensity lipoprotein receptor deficient (Ldlr -/-) females (Stock# 002207). Genomic DNA was isolated from tail clips and subjected to polymerase chain reaction (PCR) using a commercial PCR mix (Promega 2X Master Mix, cat#m7123) and specific primers (online-only Data Supplement Table I ). DNA fragments were recognized as 350-bp (mutation) and 200-bp (internal positive control) bands, whereas XX females displayed only a 200-bp band. Mice were placed on a high-fat diet (TD88137, Harlan Teklad) for the duration of the experiment. In mice administered testosterone as neonates, within 24 hours of birth female mice were injected subcutaneously with a single dose of testosterone propionate (400 μg/mouse, n=6-12 mice/ genotype; Sigma Aldrich). At 8 weeks of age, all females were ovariectomized (OVX) to eliminate any potential confounding influence of female sex hormones. 12 In mice administered dihydrotestosterone (DHT) as adults, OVX females (8-12 weeks of age) were implanted with a DHT pellet (10 mg pellets/60-day sustained release; 0.16 mg/d; n=11-18 mice/genotype) 2 weeks before AngII infusion and continued through study end point. 13 All procedures were in accordance with institutional guidelines and were approved by the animal care and use committee at the University of Kentucky.
Clinical Perspective
What Is New?
• Demonstration that an XY sex chromosome complement influences expression of inflammatory genes in abdominal aortas of phenotypic females.
• Demonstration that an XY sex chromosome complement markedly promotes formation and severity of angiotensin II-induced abdominal aortic aneurysms in phenotypic females.
• Demonstration that angiotensin II-induced hypertension is also augmented in XY in comparison with XX phenotypic females.
• Demonstration of augmented expression of interleukin-1β, matrix metalloproteinase activation, and oxidative stress in abdominal aortas of XY in comparison with XX females.
• Demonstration that superimposing testosterone (during development or as adults) on an XY sex chromosome complement of angiotensin II-infused females results in pronounced aneurysm rupture.
What Are the Clinical Implications?
• Genes regulated by sex chromosome complement may predispose the cardiovascular system to augmented inflammation and responsiveness to angiotensin II.
• Targeting of genes that are regulated by sex chromosome complement and promote abdominal aortic aneurysm pathology may reveal novel sexspecific therapeutic targets.
• It is important to understand the interactions between sex hormones and sex chromosomes in the regulation of the cardiovascular system, because testosterone therapy in aging men, testosterone use in women, or chronic sex hormone therapy in transgender individuals may have cardiovascular implications.
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Isolation of Bone Marrow Cells
Bone marrow was extracted from the tibias and femurs of XX and XY female mice (2 months of age; n=3 mice/genotype), and bone marrow cells were differentiated into macrophages by supplementing the culture media (RPMI medium, 2% penicillin/streptomycin, 1% fungizone) with 1 ng/mL of colony stimulating factor for 6 days. Total RNA was extracted using the Rneasy fibrous tissue mini kit (Qiagen, cat#74704).
Gonadectomy
Female XX and XY Ldlr -/-mice (8-12 weeks of age) were OVX as described previously. 12 Two weeks later (to clear endogenous ovarian-derived hormones), mice were infused with AngII.
AngII Infusions
Mice were infused with saline or AngII (1000 ng·kg -1 ·min -1 , Bachem) by osmotic micropumps (Alzet model 1004 for 28 day infusions, Durect Co). At study end point, all mice were euthanized by using a ketamine/xylazine mixture (100:10 mg/ kg, intraperitoneally) in sterile saline, and blood collection was performed via cardiac puncture.
Quantification of AAAs by Ultrasound, Ex Vivo AAA Measurements, and 3-Dimensional Volume Analysis
Internal suprarenal lumen diameters were quantified on day 0, 7, 14, and 28 of AngII infusions by using a 55-MHz probe with a Vevo 2100 high-resolution imaging system (VisualSonics, Inc). Mice were anesthetized (2%-3% isoflurane) and abdominal hair was removed by shaving and applying a depilatory cream. Mice were imaged and allowed to recover on a heating pad. Images were analyzed by 2 independent observers who were blinded to the study design. Mice with a 50% increase in abdominal aortic lumen diameter from baseline (day 0) were diagnosed with an AAA and included in statistical analysis for each measure if they completed study protocol. External abdominal aortic diameters were measured at study end point on aortas mounted on a black wax background. Images were taken using a Nikon SMZ800 dissecting microscope, and image analysis to obtain maximal AAA diameters was performed using Nikon Elements Version 3.2. AAA incidence was defined as a 50% increase in abdominal aortic lumen diameter on day 28 of AngII infusions and included mice that died of aneurysm rupture. The percentage of rupture was calculated as the percentage of mice within each group that died of a verified rupture of the aorta on necropsy. Grading of AAA severity was defined previously. 16 Three-dimensional volume analysis was performed on abdominal aortas of OVX XY and XX females (n=5 mice/ genotype) using the Vevo 2100 system with the 55-MHz probe. Abdominal aortas were scanned at 51-μm intervals, and a total of 295 images were collected. Each image was analyzed for lumen and wall volume, and images were summed to obtain total cubic millimeter volume of abdominal aortas.
Blood Pressure Measurements
Systolic blood pressure was measured on conscious mice using a noninvasive computerized tail-cuff system (BP-2000; Visitech Systems) during week 3 of AngII infusions. Mice were acclimated to the blood pressure system for 2 days and measurements were taken over 3 to 5 subsequent days.
Measurements of Plasma and Serum Components
Total serum cholesterol concentrations were quantified using enzymatic assay kits (Wako Pure Chemical, cat#439-17501). Plasma renin concentrations were determined by quantifying angiotensin I concentrations generated in the absence or presence of an excess of exogenous rat angiotensinogen as described previously.
14 Angiotensin I was quantified by radioimmunoassay using a commercial kit (DiaSorin, CA-1553). Plasma concentrations of interleukin-β (IL1β) were quantified using a commercial Quantikine ELISA (R&D Systems).
Quantification of Atherosclerosis
Aortas were cleaned, opened longitudinally, and mounted on a black wax background to quantify atherosclerosis in the aortic arch and thoracic aorta. Arch and thoracic aorta areas were defined and lesions within this area were summed and normalized to total region area to calculate the percentage of intimal surface area covered by an atherosclerotic lesion. Quantification was performed using Nikon Elements Version 3.2.
Abdominal Aorta RNA Extraction
Female (8 weeks of age) XX and XY mice (n=5 mice/surgical group/genotype) underwent sham surgery or OVX, and 2 weeks later mice were fed the Western diet for 1 week. Aortas were cleaned from extraneous tissues under a dissecting microscope and placed in RNA Later (Ambion, cat#AM7021). Abdominal aortas (diaphragm to the ileac bifurcation) were used for RNA extraction. RNA was extracted using the Rneasy fibrous tissue mini kit (Qiagen, cat#74704), and RNA concentration and quality were quantified by Agilent 2100 bioanalyzer using RNA 6000 Nano labchip kits (Agilent Technologies, Cat# 5067-151). Samples with RNA Integrity Number ≥8 were used for either DNA microarray or real-time PCR. 17 at the transcript level using Genomics Suite software (Partek). Data were transferred to flat files in Excel and associated with vendor-provided annotation data. Prestatistical filtering retained unique, annotated probe sets with adequate signal intensity (signal intensity ≥4.2 on at least 4 arrays in the study). Filtered signal intensities were analyzed by 2-way ANOVA to identify significant main effects of genotype (XX versus XY), surgery (sham versus OVX), and interaction, as well. The False Discovery Rate procedure 18 as modified by Storey 19 was used to control the error associated with multiple testing, with a False Discovery Rate q-value <0.05 defining significance. The complete list of significant results is provided as supplemental information (online-only Data Supplement Tables II and III) . Functional categorization for each expression pattern was determined with the prestatistically filtered gene list as a background using DAVID bioinformatic tools. 20 At present, DAVID does not support Affymetrix MTA 1.0 IDs, and therefore best match IDs from Affymetrix Mouse 1.0 Exon arrays were used, covering >90% of the filtered mouse transcriptome assay data set. Raw data are available through the Gene Expression Omnibus (GSE #:81580). 21 
DNA Microarrays
Zymography
Female mice (n=4 mice/genotype) were infused with AngII (1000 ng·kg
) for 24 hours, aortic protein (10 μg) was extracted and resolved by using SDS-PAGE (7.5%) polymerized in the presence of gelatin (2 mg/mL) to detect matrix metalloproteinase (MMP) activity. Gels were washed with 2.5% Triton X-100 (1 hour) followed by distilled water (30 minutes), and incubated overnight (37°C) in Tris buffer containing 10 mmol/L calcium chloride and 0.02% sodium azide. Gels were stained with Coomassie Brilliant Blue for 3 hours and destained using distilled water. Gel images were captured by using a Syngene PXi imager; the unstained, translucent digested regions represented areas of matrix metalloproteinase 2 (MMP2) activity.
Quantification of Oxidative Stress in Aortic Tissue Explants
Aortas (thoracic and abdominal segments) from XX and XY Ldlr -/-females were cleaned of adherent tissue and placed in culture media (DMEM; 1:1 without phenol red). Aortic explants were incubated with vehicle (saline) or AngII (10 μmol/L) plus testosterone (10 nmol/L) for 24 hours to simulate conditions of high AAA incidence and severity. Tissues were snap frozen (OCT) in molds for serial tissue sections (10 μm). Aortic sections were incubated with dihydroethidium (10 μmol/L) in phosphate-buffered saline for 30 minutes (37°C), and counterstained with 4′,6-diamidino-2-phenylindole. Images were obtained (100×; 3-5 images/slide) on a Nikon Eclipse microscope (TE2000-U) with a monochrome camera (exposure=300 ms). Histogram plots were generated for each image using Nikon Elements software, and areas under the curve for pixel intensities (250-2500) were calculated.
Statistical Analysis
Numeric data are generally illustrated as mean±standard error of the mean and were analyzed using unpaired t tests or Mann-Whitney tests to compare 2 groups, by 2-way repeated measures ANOVA on time for longitudinal data with betweengroup factor of surgery or genotype, or by 2-way ANOVA with between-group factors of surgery, treatment (eg, testosterone in some studies), or genotype. Brown-Forsythe tests for homogeneity of variance were performed in some cases, which led to the modification of 2 of the 2-way ANOVAs; these were modified by weighting observations inversely proportionally to their within-group variances. The Kaplan-Meier method was used to estimate survival curves. The incidence of aneurysm formation was analyzed by using Fisher exact tests. Statistical analysis was performed by using SigmaPlot (Systat Software Inc) or SAS (SAS Institute Inc), and statistical significance was determined at P<0.05.
RESULTS
An XY Sex Chromosome Complement Promotes Expression of Inflammatory Genes in Abdominal Aortas
To define a role of sex chromosomes in regulating aortic gene expression profiles, we bred male mice expressing autosomal Sry (the testes-determining gene) to Ldlr deficient females to create XX and XY female offspring. 22 We focused on female XX and XY mice to enable definition of the role of sex chromosomes under experimentally controlled exposures to testosterone, because testosterone is known to promote AngII-induced AAAs in male mice. 12 We first determined the effects of sex chromosome complement on gene expression profiles in abdominal aortas from noninfused (AngII-naïve) XX and XY females in the presence (sham-operated) or absence (OVX) of endogenous female sex hormones. Body weights were similar between genotypes before surgery (data not shown). Figure 1A , online-only Data Supplement Tables II  and III) . It is remarkable that all 88 genes were significant by the main effect of chromosome only. Volcano plots of the chromosome effect with highly stringent cutoffs (>2-fold change, P≤1×10 -6 ) demonstrated that, as expected, the expression of genes on sex chromosomes was strongly influenced. Genes (Ddx3y, Uty, Kdm5d, Eif2s3y) within the male-specific region of the Y chromosome were significantly increased in female abdominal XY aortas ( Figure 1B , fold increase in XY). These genes are of interest as the male-specific region of the Y chromosome constitutes ≈95% of the length of the Y chromosome, 23 does not recombine with the X chromosome during meiosis, is inherited from father to son, and has been linked to cardiovascular risk in humans. 1, 23 A second group of genes (Kdm5c, Eif2s3x, Kdm6a, Ddx3x) known to escape X inactivation in mice 24 were increased in abdominal aortas of XX females ( Figure 1B , fold increase in XX). A third group of genes (Msl3, Tlr7, Tlr8, Prps2, Arhgap6) are X-linked genes, but were increased in abdominal aortas from XY in comparison with XX females ( Figure 1B , fold increase in XY). Furthermore, genes across multiple chromosomes were strongly influ-enced by the presence of the Y chromosome. Real-time PCR on abdominal aortas validated selected microarray results (Kdm5d, Eif2s3y, Xist) for the main effect of an XY sex chromosome complement ( Figure 1C ) and verified microarray findings for genes not exhibiting significant differences between genotypes (GAPDH, online-only Data Supplement Figure I ). However, mRNA abundance of Uty, a gene on the Y chromosome, was not significantly different between aortas from sham-operated female XX in comparison with XY mice, and expression was increased by OVX in aortas from XY females, but not XX females ( Figure 1C ). Biological pathway analyses (Table,  online-only Data Supplement Table III ) revealed prominent upregulation of inflammatory genes in abdominal aortas from XY females (online-only Data Supplement Figure  II ). These results demonstrate that sex chromosomes influence gene expression profiles of abdominal aortas, with increased expression of inflammatory pathway gene targets in XY in comparison with XX. Enrichment of genes on the Y chromosome in aortas from XY females, coupled with increased expression of genes known to escape X inactivation in aortas from XX females, confirm the validity of sex chromosome manipulation in phenotypically female mice.
An XY Sex Chromosome Complement Results in Aggressive AAA Formation and Severity
Female (XX) Ldlr -/-mice exhibit far lower incidences (≈25%-40%) of AngII-induced AAAs than in age-matched males (≈75%-90%). 12, 13 To define the role of sex chromosome complement on the formation and severity of AngII-induced AAAs, sham-operated and OVX female Ldlr -/-mice were infused with AngII for 1 month. Body weights of AngII-infused OVX XY female mice were decreased significantly in comparison with OVX XX females (online-only Data Supplement Table IV) . Plasma renin concentrations were not significantly different between XX and XY AngII-infused females (online-only Data Supplement Table IV ). Serum testosterone concentrations were modestly but significantly increased in AngII-infused sham-operated XY in comparison with XX females, and elevations of serum testosterone concentrations in XY females were eliminated by OVX (online-only Data Supplement Table IV) . Although the sex organ weights of XX and XY females were significantly decreased by OVX in XX and XY females, there were no differences between genotypes (online-only Data Supplement Table IV) .
At study end point, internal abdominal aortic lumen diameters of XY females with an AAA (as defined by a 50% increase in lumen diameter) were elevated (by 66%) significantly in comparison with XX females (Figure 2A ; OVX groups). Moreover, external AAA diameters were increased significantly in XY in comparison with XX females ( Figure 2B ; OVX groups). AAA incidence (including aneurysm ruptures) increased (by 31%) in XY females ( Figure 2C ) to levels observed previously in XY male mice. 12, 13 In XX females (sham or OVX), there were no aneurysm ruptures ( Figure 2D ). In contrast, 35% of XY sham-operated females infused with AngII exhibited aneurysm ruptures, with high rupture rates also observed in OVX XY females (29%). Aortas from XY females demonstrated severe aneurysm pathology that frequently extended the entire length of the aorta and was associated with aneurysm rupture ( Figure 2E ; online-only Data Supplement Figure III ). Because these effects were observed in OVX XY females (Figure 2A through 2E) , results suggest that an XY sex chromosome complement augments AAA formation and severity independent of female sex hormones.
To define the characteristics of AAAs from XY females, we performed ex vivo 3-dimensional ultrasound on AAAs from each genotype (online-only Data Supplement Figure IV) . Results demonstrate increased aneurysm wall volume in AAAs from XY in comparison with XX females, and 3-dimensional remodeling from a representative AAA from each genotype illustrates lumen dilation with marked vascular wall remodeling. There were no overt differences in aortic wall morphology of abdominal aortic tissue sections from noninfused XX versus XY female mice (online-only Data Supplement Figure V) . However, AAA tissue sections from AngII-infused XY females exhibited CD68 macrophage immunostaining in areas exhibiting breaks in medial elastin (online-only Data Supplement Figure VI ).
An XY sex chromosome complement also significantly increased systolic blood pressure responses of female mice infused with AngII (both sham and OVX; online-only Data Supplement Table IV ). Because infusion of AngII augments atherosclerosis in Ldlr -/-female mice, 25 we quantified the percentage of the intimal aortic surface within the aortic arch and thoracic aorta covered by atherosclerotic lesions. There was not a significant effect of genotype on AngII-induced atherosclerosis in thoracic aortas (online-only Data Supplement Figure VII ) or aortic arches (data not shown). Moreover, there were no significant differences in serum cholesterol concentrations between genotypes (online-only Data Supplement Table IV) .
Aortas From XY Females Exhibit Augmented Inflammatory Gene Expression, MMP Activity, and Oxidative Stress
Gene arrays on abdominal aortas from noninfused XY females demonstrated increased expression of genes with- Gene ontology categories, the number of significant genes (n), and the probability that a greater or equal number would be found by chance (P value of ≤0.01) are listed.
in inflammatory pathways (Table; online-only Data Supplement Table III) , and AAA tissue sections of XY females exhibited positive CD68 immunostaining in areas exhibiting breaks in medial elastin (online-only Data Supplement Figure VI) . We confirmed by real-time PCR increased mRNA abundance of IL1-β, a component of the inflammasome linked to AAA formation, in abdominal aortas from XY Ldlr -/-females ( Figure 3A) . Figure 3B ). Last, plasma concentrations of IL1β were increased significantly in AngII-infused XY in comparison with XX Ldlr -/-females ( Figure 3C ). Because inflammatory genes with increased expression in abdominal aortas from XY females have been linked to activation of MMPs and oxidative stress, 2 mechanisms implicated in AAA formation and severity, [26] [27] [28] we quantified MMP activity in aortas of female XX and XY mice infused for 1 day with AngII. Aortas from XY females infused with AngII exhibited significant increases in MMP2 activity in comparison with XX females (Figure 4A and 4B). Moreover, when aortas were incubated in vitro with AngII and testosterone to simulate conditions where AAA incidence and severity are augmented, dihydroethidium fluorescence was pronounced in aortas from XY in comparison with XX females (Figure 4C and 4D ).
Testosterone Exposure (as Neonates or Adults) Results in a Striking Level of Aneurysm Rupture in XY Females
Castration of male mice has been demonstrated to reduce the incidence of AngII-induced AAAs, 12 whereas administration of DHT augments AAA formation in adult female hypercholesterolemic mice. 13 To determine whether testosterone exerted similar effects to promote AAAs in females with an XX versus an XY sex chromosome complement, we used 2 different paradigms to androgenize females of each genotype by administering an equivalent dose of androgen. We administered the nonaromatizable ligand of the androgen receptor, DHT, to adult female Ldlr -/-XX and XY mice before and throughout AngII infusions. There were no significant differences in body weight (XX, 28±1; XY, 27±1 g; P=0.45), sex organ weights (XX, 0.09±0.01; XY, 0.07±0.02 g; P=0.46), and systolic blood pressures (XX, 129±4; XY, 128±7 mm Hg; P=0.90) between AngII-infused XX and XY females. Plasma IL1β concentrations were increased significantly in XY in comparison with XX AngII-infused females (XX, 1.8±0.9; XY, 15.5±4.8; P<0.05). Both genotypes exhibited high AAA incidences when exposed to DHT (XX, 94%; XY, 100%), and abdominal aortic lumen diameters were similar (online-only Data Supplement Figure VIIIA) . However, although 44% of XX females administered DHT died of aneurysm rupture, 73% of XY females died of aneurysm rupture ( Figure 5A ; online-only Data Supplement Figure  VIIIB) . External AAA diameters of the few surviving XY females administered DHT were increased significantly in comparison with XX females ( Figure 5B ). Because of the extreme incidence of aneurysm rupture and extensive pathology of aortas from XY female mice administered DHT, atherosclerosis could not be quantified.
Recent studies demonstrated that transient neonatal exposure of female hypercholesterolemic mice to testosterone resulted in increased adult susceptibility to AngIIinduced AAAs.
14 Therefore, we administered testosterone to 1-day-old XX and XY female Ldlr -/-mice and examined the effects of AngII infusions on AAA formation and severity in adult OVX females. There were no significant differences in body weight, serum cholesterol concentrations, and systolic blood pressures between AngII-infused XX and XY females (data not shown). As reported previously, transient neonatal exposure to testosterone promoted a high incidence of AngII-induced AAAs in adult XX (50%) and XY (58%) females. However, aneurysm ruptures increased significantly in XY (58%) in comparison with XX (0%) females administered testosterone as neonates (Figure 6 ).
DISCUSSION
The field of sexual dimorphism in normal vascular physiology and disease is in its infancy as relates to the influence of sex chromosomes. However, the sex chromosomes 
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are one of the most unusual chromosomal differences in mammals, with ≈1098 genes 29 and >300 diseases alone mapped to the X chromosome. Although there are fewer protein-coding genes on the Y chromosome, genes within the male-specific region of the Y chromosome have been linked to different forms of cardiovascular diseases. 1 As an example of sex chromosome influences on the vasculature, females with monosomy X exhibit a 100-fold increased risk of aortic dissection, 3 but mechanisms for these effects are unknown. Our results demonstrate that an XY sex chromosome complement results in increased expression of inflammatory gene pathways in abdominal aortas of female mice. Furthermore, the incidence and severity of AngII-induced AAAs, a vascular disease associated with pronounced inflammation, was increased profoundly in XY females. We demonstrate that elevated expression of inflammatory genes is linked to increased MMP activity and oxidative stress in aortas of XY females, effects known to promote AAA formation and severity. Last, exposure of XY females to testosterone to mimic the male sex hormone milieu resulted in a striking level of aneurysm rupture. These results advance knowledge by demonstrating a profound effect of sex chromosome complement on aortic biology and vascular disease development. Moreover, results indicate a complex interplay between sex hormones (eg, testosterone) and sex chromosomes to regulate aortic biology and vascular diseases, which may have cardiovascular implications for chronic sex hormone therapy in the aging and transgender population. A positive family history of AAA in a first-degree relative has been suggested to increase the risk of aortic aneurysm by up to 10-fold, 4 indicating a genetic contribution to AAA pathogenesis. However, despite the strong predisposition for AAA formation in males, the contribution of sex chromosome effects to AAA inheritance and sexual dimorphism of this vascular disease has not been investigated extensively. Clifton et al 6 originally described a family of 3 affected brothers diagnosed with an AAA. Follow-up studies demonstrated that 77% of affected individuals in a cohort of 233 families were male and 79% of disease transmissions were between father and son, 30 suggesting male-lineage transmission of risk. It is unclear from the present study whether increased AAA incidence and severity of XY females resulted from the absence of a second X chromosome, or from the presence of genes on the Y chromosome. However, because XY females exhibiting high AAA incidence and severity inherited the Y chromosome from male fathers, these results suggest that male lineage may contribute to increased inherited risk of AAAs through influences of the Y chromosome.
These results are the first to demonstrate that sex chromosome complement influences expression levels of 88 genes in abdominal aortas of phenotypically normal females. It is noteworthy that the high preponderance of changes in expression levels of inflammatory genes indicates potential predisposition to effects of an inflammatory aneurysm stimulus such as AngII. Recent studies identified sex differences in immune cells as contributors to sexual dimorphism of blood pressure responses to AngII. 15, 31 Our results demonstrate increased mRNA abundance of 2 inflammatory pathways typically associated with immune cells, namely IL-1β and Tlr8, in abdominal aortas of XY in comparison with XX aortas, and elevated plasma IL1β concentrations in XY in comparison with XX AngII-infused females. Because elevated Tlr8 expression was also detected in bone marrow macrophages from XY females, these results suggest a contribution of immune cells to baseline differences in abdominal aortic inflammatory gene expression profiles between XX and XY females. Following infusion of AngII, AAAs in XY females had pronounced macrophage composition and elevated MMP2 activity, and aortas from XY females responded to AngII and testosterone with increased oxidative stress, suggesting a robust inflammatory immune cell response that contributed to increased AAA severity. These results are in agreement with recent findings demonstrating immune cells as mediators of sex differences in response to AngII infusions, 15, 31 and suggest that sex chromosomes may contribute to sexual dimorphism of this immune cell response.
Previous findings from our laboratory demonstrated a prominent role for testosterone to promote AngII-induced AAAs. 12, 13 In this study, an XY sex chromosome complement increased the severity of AngII-induced AAAs in female mice. These results are the first to demonstrate a profound effect of sex chromosome complement, independent of sex hormones, to regulate the severity of AngII-induced AAAs. Because testosterone is also a powerful positive regulator of AAA susceptibility in this experimental model, we used 2 different paradigms of testosterone exposure to examine interactions between sex hormones (eg, testosterone) and sex chromosomes. Moreover, because serum testosterone concentrations were modestly different between XX and XY females, administration of DHT to adult females to normalize androgen concentrations between genotypes minimized the possibility that modest differences in serum testosterone are a primary mechanism for augmented formation and severity of AngII-induced AAAs in XY females. Results demonstrate a striking level of aneurysm rupture (up to 73%) when XY females were exposed to testosterone as neonates 14 or adults. 13 The Figure 5 . Severe AAA rupture in XY females administered dihydrotestosterone (DHT). magnitude of the effect of testosterone in XY females to promote aneurysm rupture, larger than exhibited previously by XY males infused with AngII, 12, 13, 25 may have resulted from the dose of androgen. In addition, although females are typically resistant to AAA development (both humans and AngII-induced mice), AAAs in females grow at more rapid rates and rupture at smaller sizes. [32] [33] [34] [35] Differences in the physical size, compliance, or stiffness of female abdominal aortas 35 may have contributed to more severe effects of androgen to promote aneurysmal rupture of XY female mice.
An interesting finding from this study was increased blood pressure responses, and modest elevations in thoracic aorta atherosclerotic lesion surface area, as well, in AngII-infused XY in comparison with XX female mice. These results suggest that an XY sex chromosome complement influences distinct cardiovascular responses (AAA, hypertension, atherosclerosis) to AngII. In contrast to these findings, recent studies demonstrated that an XX sex chromosome complement in gonadectomized MF1 mice contributed to a greater blood pressure response to AngII. 15 Differences in genetic background (MF1 versus Ldlr -/-) or diet (standard murine diet versus Western diet) may have contributed to diverging influences of sex chromosome complement on AngII-induced hypertension between studies. Regardless, it is unlikely that the augmented hypertensive responsiveness to AngII of XY females contributed to the robust severity of AAAs, because previous studies suggested that blood pressure was not a major contributor to AngII-induced AAAs. 37 Future studies will address whether similar or distinct mechanisms contribute to augmentation of 3 different cardiovascular effects of AngII in mice with an XY sex chromosome complement. However, because results from DNA arrays do not indicate differences in expression levels of angiotensin receptors in abdominal aortas of XX versus XY females, and plasma renin concentrations were not significantly different between AngII-infused XX and XY females, these results do not support generalized enhanced responsiveness of XY females to AngII.
With the use of computer program-scanned electronic medical records, the prevalence of confirmed transgender individuals was 4.4 (per 100 000) in 2006, and 38.7 in 2014. 38 Despite the growing prevalence of the transgender population, literature on specific health outcomes for transgender individuals consists of modest cross-sectional studies, some large retrospective studies, small series, and case reports. Of these, recent data suggest increased risk of cardiovascular morbidity/mortality in transgender women. 39 However, the influence of chronic sex hormone therapy on cardiovascular health in transgender women or men has not been examined extensively. In addition to the transgender population, the use of sex hormone therapy, specifically testosterone to improve sexual function in aging men and women, has also increased. Our results suggest that sex chromosome complement influences aortic biology and the development of AAAs, with an XY sex chromosome complement having a profound effect to promote AAA severity. Because these effects were augmented in XY females administered testosterone, these results suggest interactions between sex hormones and genes affected by sex chromosomes. These results may have implications related to chronic sex hormone therapy and the cardiovascular system in aging men or women, or in the growing transgender population.
In summary, we demonstrate that an XY sex chromosome complement promotes expression of inflammatory genes in abdominal aortas of female mice and predisposes to markedly severe AngII-induced AAAs. Because 73% of XY female mice exposed to testoster- one (to mimic the male sex hormone milieu) exhibited aneurysm rupture, these results demonstrate interactions between sex hormones and genes influenced by sex chromosomes on aortic biology, vascular disease development and severity. Future studies will use this information to develop AAA therapies that have sexspecific efficacy.
